Patients with colorectal cancer (CRC) have a different gut microbial and viral communities from healthy individuals. But little is known about the ways and functions of interaction of virus-bacteria, let alone its correlation with the aetiology of CRC. In this study we aimed to identify the association between the genetic integration of virusbacteria and the expansion of some microbial population during tumorigenesis of human colorectum. Using a gut metagenomics sequencing data of healthy controls, advanced adenoma and carcinoma patients, to our knowledge, we demonstrate for the first time that the viral genetic integrations in gut microbes tend to occur in CRC patients and are potentially associated with the carcinogenesis. We found that almost all of the genetic integrations were happened between bacteriophages and bacteria, which could be influenced by the abundance of the phage communities. Importantly, the integrations of phage-carried positive effective genes offered selective advantages to the commensal and potential pathogenic bacteria, as a result, potentially led to a microbial dysbiosis along with the increasing bacterial diversity in carcinoma patients.
Introduction
orientations of both reads of a read pair. Within a set of duplicate read pairs, the read pairs with the highest base qualities were retained with the others marked as PCR duplicates. These final reads constituted the cleaned metagenomic reads sets and were analyzed in next steps.
Identifying the potential genetic integration
Using BWA-aln (v.0.7.15) with default parameters, we identified paired-end reads with one read aligning exclusively to all complete bacterial genomes downloaded from the NCBI RefSeq database (accessed on March 7, 2018) and the integrated gene catalogue of the human gut microbiome (IGC) database, which was a high-quality reference catalog of 9,879,896 gut microbial genes [36] , while the other read aligning to the complete virus genomes downloaded from NCBI taxonomic database. The statistical putative virus reads inserted into the bacterial genomes all were supported by at least two pair-end reads. Genus and species taxonomic assignments were parsed from the output using in-house perl scripts. The taxonomic ranking of genus or species were identified according to the NCBI taxonomy database and the two or more sequencing reads supported one integration event should be the same. To reduce possible falsepositive results, further filtering steps were performed.
Filtering the false-positive
For the filtering of the potential false-positive reads, BLASTn and BLASTp were used to validate each read of the pair as specific for bacteria or virus using the NT and NR database (accessed on March 14, 2018) . Both potential bacterial and viral reads were searched against NT and NR database using BLAST (v.2.6.0+) [37] with the default parameters and an e-value cutoff of 10 -5 . Reads identified as bacteria in the initial BWA screen were required to match bacteria in NT and NR and not had a best match to virus and other non-bacterial species. Similarly, the same process was repeated on reads identified as virus. The taxonomic assignment for sequencing reads was determined by the taxonomy ID of the top BLAST result. After the filtering of reads, we calculated the last common ancestor (LCA) of all hits based on the congruent taxonomy for all genomes with mappings as described in previous study [38] and counted the amounts of integration in each sample of the three cohorts.
Taxonomic classification and abundance estimation
The microbial composition in each sample was identified using Kraken software (v.2.0.8-beta) [39] . Briefly, we assigned the cleaned metagenomic reads to microbial taxa using the k-mer based algorithms as implemented in the Kraken taxonomic annotation pipeline. The search database used the MiniKraken DB_8GB database that was constructed from complete bacterial, archaeal, and viral genomes in RefSeq. Each k-mer in a sequencing read was mapped to the lowest common ancestor of all reference microbial genomes that had exact k-mer matches. Reads mapping to virus or bacteria were counted to calculate relative abundances of certain group in each sample.
Metagenomic abundance tables were normalized by the dividing individual taxon sequence counts by the total assigned sequence count in a sample using the vegan R package [40] .
The α-diversity analysis of microbiome
The α-diversity (Shannon diversity) index within-samples was calculated using diversity and vegdist functions of Vegan R package (v.2.5.6) in R (v.3.6.1) for abundance matrices generated. Briefly, the taxonomic matrices of bacteria at genus level and virus at species level were used as inputs, where each element was the number of virus or bacteria from a given sample. The variation of dissimilarities were compared among plaques of healthy controls, advanced adenoma and carcinoma patients.
Additionally, p values were calculated using a Mann-Whitney U test.
Functional annotation
The reads supported integration events were functionally annotated using eggNOGmapper (v.4.5.1) [41] and the eggNOG database with default parameters using the specific datasets. Statistics profiles at eggNOG, KEGG orthologous group were created.
Using the in-house perl scripts and the KEGG database that included bacterial and viral genes annotated in reference genomes, we could infer the functions of bacterial and viral fragments respectively and counted the amounts of genes of each KEGG terms in all the samples of three cohorts.
Data visualization
The network was displayed using Cytoscape (v.4.5.1) [42] and related algorithms, which showed a one-to-one genetic integrated correspondence from phages to bacterium. The genetic integration datasets were imported from Excel spreadsheets via Cytoscape Table Import functionality and displayed when clicking on a node (biomolecule) or on an edge (link) of the network. Heatmap figures were plotted using pheatmap package (v.0.7.7) using dist and hclust functions in R (v.3.6.1). The bubble charts and histograms were generated in the R software, too.
Statistical analysis
Statistical modeling and correlation analysis were performed using the GraphPad Prism (v8.0.2) and R (v.3.6.1) software.
Result

The genetic integration as a way of virus-bacteria interaction tended to occur in carcinoma
To investigate the interaction between the virus and bacteria in the gut of different disease status, we downloaded the metagenomic shotgun sequencing in cohort of 112 faecal samples with high-quality sequencing reads including 34 healthy controls, 34 advanced adenoma, and 44 carcinoma patients, respectively (Table S1) [4] . Sequences were demultiplexed, quality filtered, and decontamination ( Fig. S1 ). Then we identified the genetic integrated paired-end reads and calculated the last common ancestor (LCA) of all hits as described in the materials and methods. In order to assure the reliability, the statistical putative viral reads inserted into the bacterial genomes all had at least 2x sequencing coverage and filtered the potential false positive reads by blast. After the processing of reads, we counted the amounts of genetic integration in each sample of the three cohorts ( Fig. S1 ). The result showed that the frequency of the integrations was higher in advanced adenoma and carcinoma patients than healthy controls (* P = 0.01-0.05, ** P < 0.01, Wilcoxon rank-sum test, Fig. 1a ). To further describe the interaction, we identified the majority of bacterial genera related to the potential integration. A number of genera Escherichia, Enterobacter along with Enterococcus, Shigella and Bacteroides had the highest frequency of genetic integration in the cohort, most of whom more likely tended to occur in carcinoma samples compared with healthy and advanced adenoma samples ( Fig. 1b ). More importantly, several species in the genera including Bacteroides, Escherichia, Streptococcus and Enterococcus could promote colorectal carcinogenesis through direct interaction with host cancer cells [43] , secretion of oncogenic virulence factors [44] , generation of carcinogenic microbial metabolites [16] and reshaping immune system [45, 46] .
Based on the genetic integrations identified in this study, we constructed a virusbacteria genetic interaction network in the human gut of three groups, respectively ( Fig.   S2a , b and c). As shown, almost all of the integrations happened between bacteria and bacteriophages that were the main component of virome in human gut [47] . In total, we identified 1490, 428 and 270 phage-bacteria integrations between 283 viral species and 24 bacterial genus, corresponding to 662, 333 and 113 unique integrations in carcinoma, advanced adenoma patients and healthy controls, respectively. Obviously, the transkingdom interactions are more prevalent in carcinoma and advanced adenoma patients than in healthy controls. Besides, we found most of the phage-bacteria integrations were host-specific, however, a small fraction of phages were connected with two or more genera of bacteria, which indicated that they should follow a one-to-many pattern ( Fig.   S2 ). Consequently, these results suggest that the genetic integration from virus to bacteria is a generally existent phenomenon in the human gut, especially in carcinoma patients, which potentially play a regulatory role for the bacterium including same pathogens.
The relative abundance of the phage community associated with the frequency of virus-bacteria integration
In order to determine whether the relative abundance of the bacteria and virus affect the genetic integration or not, the constitution of bacterial and viral communities from the healthy controls, advanced adenoma and carcinoma patients were analyzed. The overall microbial compositions for each groups at the genus level were shown ( Fig. S3a ). We found that the microbial relative abundance profiles of gut microbiome were different in the three cohorts, and the genera of Bacteroides, Faecalibacterium, Blautia, Bifidobacterium as well as Anaerostipes had higher relative abundance in the three groups. However, the highest frequency of genetic integrated genera were Escherichia, Enterobacter along with Enterococcus, Shigella and Bacteroides ( Fig. 1b and Fig. S2 ).
These findings show that the relative abundance of the bacteria isn't the decisive factor for the genetic integration. Nonetheless, as expected, almost all of the viral genetic integrations into their hosts were occurred in three families including Siphoviridae, Podoviridae and Myoviridae (Table S2 , Fig. S2, Fig S3b, c and d ), all of whom were the most abundant viral families in all cohorts consistent with previous report ( Fig. 2a ) [47] . In addition, we observed the positive correlations between the relative abundance of the three viral families and the frequency of genetic integration with their hosts (Fig.   2b , c and d, Spearman correlation coefficient, r = 0.227, 0.362, 0.410, respectively, P < 0.05). As a result, we demonstrate that the relative abundance of viral communities as an important factor influence the frequency of the virul genetic integrations in their microbial hosts.
The integration of phage fragments increasing the successful subpopulation of bacteria
We next asked whether the genetic integrations from phage to bacteria could affect the structure of bacteria in different disease status. First of all, the trans-kingdom integration between bacteriophages and their bacterial hosts were calculated. Heatmap showed the five highest frequency of gut bacterial genera with genetic integration, including Escherichia, Enterobacter, Enterococcus, Shigella and Bacteroides, in the healthy controls ( Fig. 3a) , advanced adenoma ( Fig. 3b ) and carcinoma patients ( Fig.   3c ). Then to describe the detail effects of integration, the correlation between the integration frequency of five bacterial genera and their relative abundance were identified in each individuals of the three groups. As showed, the integration frequency of Escherichia was positively correlated with its relative abundance in carcinoma (Spearman r = 0.64, P value < 0.001, Fig. 3d ) and advanced adenoma patients (Spearman r = 0.516, P value < 0.05), but not in healthy control (Spearman r = 0.075, P value > 0.05). As expected, the integration frequency of the other four bacterial genera, which included Enterobacter, Enterococcus, Shigella and Bacteroides, were also positively correlated with their abundance in carcinoma patients, however, there were no changes or negative correlations with the relative abundance in healthy control ( Fig. S4a , b, c and d). These results show that the genetic integrations display a trend towards increasing the subpopulation of bacteria inserted with phage genetic fragments, especially in carcinoma samples. According to these findings, we speculate that it could contribute to a close relationship between the population diversity of bacteria and virus.
To test this idea, the α-diversity (Shannon index) of virus and bacteria in the three groups were analyzed. A significant difference of the viral a-diversity was observed at the species level among the three groups (P value = 0.0146, Kruskal-Wallis test, Fig.   3e ), while the bacterial a-diversity at the genus level was not, which was consistent with previous studies (Fig. S5 ) [4] . As hoped, we found a positive association between the microbial and viral diversity in carcinoma patients (Spearman correlation coefficient, r = 0.411, P value = 0.002), however, fewer positive or negative correlations were observed in healthy controls (Spearman correlation coefficient, r = 0.450, P value = 0.003) and advanced adenoma patients (Spearman correlation coefficient, r = -0.035, P value > 0.05, Fig. 3f ). Consequently, we suggest that a large and diverse pool of phages genetic fragments can be inserted into the genomes of bacteria and confer a selective advantage to individual bacterial cells in carcinoma patients, resulting in successful subpopulations.
The integrated phage fragments carrying bacteria-beneficial genes in carcinoma samples
To assess the functional content of the inserted phage fragments, we annotated the shortinsert-size raw reads using the eggnog-mapper (v.4.5.1) [48] . KEGG bubble graphs were plotted against the -log10 (p-value) for demonstrating the functional classification of the predicted integrated phage fragments in the groups of healthy controls, advanced adenoma or carcinoma samples, respectively (Fig. 4a, b and c, respectively) . These results displayed that the composite genetic fragments tended to be found in Peptidoglycan biosynthesis, Degradation proteins and Enzymes with EC numbers pathways in all of the three groups. Importantly, we also observed the pathway terms 
The microbial dysbiosis along with an increasing diversity appearing in colorectal carcinoma patients
In order to analyze the effect of the genetic integrations on the whole microbial community, we calculated the microbial dysbiosis index (MDI), which was defined as calculating the log of [total abundance in organisms increased in carcinoma patients] over [total abundance of organisms decreased in carcinoma patients] for all samples [49] . In brief, we combined the five (the taxon within the genera Fusobacterium, Escherichia, Bacteroides, Alistipes and Porphyromonas enriched in CRC [13, 50-53]) and three (the taxon within the genera Bifidobacterium, Roseburia and Blautia decreased in CRC [6, 54, 55] ) genera that were generally reported and enriched in the carcinoma patients and healthy controls, respectively. As a result, the gut microbiome of carcinoma patients had a higher MDI than that of individuals including advanced adenoma patients and healthy controls (P value < 0.0001, Kruskal-Wallis test, Fig 5a) .
Besides, the MDI showed a positive correlation with the α-diversity of bacteria in carcinoma (Spearman r = 0.292, P value = 0.027), while not in advanced adenoma patients (Spearman r = -0.160, P value = 0.182) and healthy controls (Spearman r = 0.134, P value = 0.224, Fig 5b) . In short, these results demonstrate that the carcinoma patients have a state of dysbiosis of the gut microbiome along with an increasing bacterial α-diversity. In addition, a number of genera, including Escherichia, Enterococcus, Bacteroides, Clostridium and Alistipes, had higher frequency of viral genetic integration in carcinoma patients compared with healthy controls and advanced adenoma individuals (Fig. 1b ). Importantly, some species of bacteria in the genera are often reported enriched in CRC and associated with carcinogenicity [14, 15, 20, 56] .
Therefore, according to these findings, we speculate that the viral genetic integrations in the microbes possibly result in an increasing bacterial diversity and high abundance of some potential pathogens in favor of a dysbiosis, which potentially could be an important factor for carcinogenic process.
The ubiquitous genetic integration from phage to bacteria in the human gut
Understanding the intricate genetic integration of phages and their bacterial hosts will hopefully help us to further our theories on the microbial interactions. In this part, our purpose is to facilitate researches to select bacteriophages that can interact with a bacteria specifically. Therefore, to ensure the stability of the interaction, the genetic integration of any phages in the bacteria presented in at least twice in different samples were illustrated. As shown, we summarized a distribution of 11 genera of prokaryotic hosts including a range of commensal and potential pathogenic bacteria (Fig. 6 ).
Moreover, we found that almost all of the phages had their hosts at only one genus levels. That is to say, the phages usually have a narrow range of hosts. This result is consistent with the findings of the previous study [57] , and further confirms the reliability of data and strict analysis pipeline. Consequently, the genetic integration network will plays a key role in gut microbiome interactions, for instance, the development of phage therapy as an alternative to antibiotics.
Discussion
Analysis of a multi-kingdom gut microbiome interaction contributes to the new research opportunities for understanding the pathogenesis of colorectal carcinoma. In this paper, to our knowledge, we demonstrate for the first time that disease-specific viral genetic integrations in the microbes increase the successful subpopulation of some commensal and potential pathogenic bacteria along with a microbial dysbiosis that potentially could be associated with the occurrence of tumour. We found that the genetic integrations from phages to bacterium mainly appeared in colorectal carcinoma patients and were positively associated with the abundance of the phage communities. Besides, the integration of host-beneficial genes into microbial genomes increased the abundance of commensal and potential pathogenic bacteria. Importantly, the genetic integrations from phages to microbes potentially acted as a factor for the microbial dysbiosis and high bacterial diversity especially in carcinoma patients, which could be an important reason for carcinogenesis of colorectum. In short, we suggest that the viral genetic integrations in microbes contribute to the expansion of some potential pathogens along with the microbial dysbiosis during the human colorectal tumorigenesis.
Undoubtedly, bacteriophages are account for a main portion of virome in the human gut. Previous studies have demonstrated that the abundance of intestinal phages varied with different disease status (i.e., health or carcinoma) [28, 58] . However, the consequences of change on phages in the gut remain poorly known. Our finding identified that the bacteriophages with high abundance had more chances to invade microbes and were able to transfer their own DNA to bacterial genomes. As a result, a large and diverse pool of phages with bacterial-beneficial genes could be inserted into the genomes of bacterial hosts, especially in carcinoma patients, which potentially has a direct role in improving metabolism or cell activity, increasing the subpopulation or pathogenicity of bacteria. Meanwhile, recent studies have shown not only phage from lytic cycle can enter the lysogenic cycle in same case [59] , but also the temperate phages can directly insert into the chromosome of the bacteria (called prophages), which could protect their bacterial hosts against secondary infections through superinfection exclusion [30] or CRISPR/Cas immune defense [60] . Based on that, it looks like maybe these are the reasons for the positive correlation between the integration of phages and the abundance of their bacterial hosts in carcinoma patients. Therefore, the specific viral genetic integrations could alter the gut environment in terms of microbial composition, structure, and functionality via selection on characteristics that affect the ability of fighting against competitors and pathogenicity of bacteria. Now it is generally believed that colorectal carcinoma is closely related to the disorder of intestinal microbial population. As previous studies have demonstrated, the dysbiosis of the gut microbial community as well as gut virome were associated with CRC [24, 58, 61] . And significant difference had been uncovered in bacterial communities between healthy individuals and patients suffered from colorectal cancer by 16S or WGS sequencing [52, 62] . According to our findings, we suggest that the horizontal gene transfer (HGT) from phage to bacteria is likely to play an important role in microbial diversity and multifunction in the human gut of colorectal carcinoma patients. That is to say, the differences of bacteriophage genetic integrations in the microbes between health controls and CRC patients might represent distinct functional roles that are important for microbial functionality and subpopulation, shaping immune system of human. As a result, from point of view of carcinogenic mechanism, the integrated bacteria with altered functionalities (e.g., the new ability to produce or metabolise potential substrates) provides an opportunity for establishment of dysbiosis ecological networks within the gut microbial population, which is possibly associated with the development of tumor microbiome, modulate the immune system and, ultimately, affect tumor growth.
Viruses and bacteria are key components of the human microbiome and previous works on human microbiome have mainly focused on bacterial and viral independently [27] . Thus these strategies fail to capture the complex dynamics of interaction between bacteria and phage. Studying such phage-bacteria integrations contribute us to discovery the complex interaction in the human gut and provides the details networks of phages and bacterium infection in different disease status. The identification that who infects whom is essential to enhance our theories on the intricacies of these microbial interactions and to understand the functional influence of infection in complex ecosystem such as changing metabolic products and determining the fate of hosts. Moreover, with increasing severity of the drug-resistant superbacteria, the phagebacteria networks offer the theoretical foundation to use phages in treatment of pathogenic bacteria. Therefore, this work will plays a pivotal role in the development of phage therapy as an alternative to antibiotics.
In summary, our metagenomic association survey on the interaction of virusbacteria was performed in order to identify the genetic integrations from viruses to microbial communities and their association with the colorectal tumorigenesis. The integration of phage-carried positive effective genes were able to cause the increasing abundance of some bacterium including potential pathogens along with microbial dysbiosis in carcinoma patients. These results imply that phages potentially play an important role in morphogenesis of gut microbial community and consequently affect the healthy status. Besides, the genetic integration networks could be of a great use in the treatment of drug-resistant bacteria by phage therapy. Therefore, we suggest a potential role that utilization of phage on therapy of colorectal diseases. However, additional work will be imperative to further validate the conclusion in more large cohorts or by experimental study. The genetic integration network occurred at least twice in different samples was shown. Table S1 . The information of samples used in this study (In supplemental files). Table S2 . The phage taxonomy of the genetic integration in the three groups (In supplemental files).
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